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© Scanning probe microscope and method of control error correction. 
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© A scanning probe microscope in which the de- 
flection of a cantilever (1, 104) caused by the prox- 
imity between a stylus (17, 109) and a sample (2) is 
detected, the relative distance between the sample 
and a probe at which the level of the deflection 
detection signal coincides with a reference level is 
subjected to servo control thereby to control the 
force exerted on the stylus to a constant level, and 
the relative positions of the sample and the probe 
are scanned to produce a three-dimensional image 
of the surface of the sample. In order to eliminate 
the error of servo control attributable to the deforma- 
tion of the cantilever, the deflection detection signal 
is held with the cantilever set in free standing state, 
and the signal thus held is used to correct the level 
of the cantilever deflection detection signal. The ser- 
vo control is effected by the detection signal thus 
corrected. 
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BACKGROUND OF THE INVENTION 

The present invention relates to a scanning 
probe microscope for observing the structure and 
conditions of the surface of a sample by a stylus, 
or more in particular to a microscope for scanning 
the sample while controlling the deflection of a 
cantilever holding the stylus. The invention further 
relates typically to an atomic force microscope or a 
microscope for measuring the distribution of var- 
ious physical properties as well as observing the 
forms of the sample surface, or further to an ap- 
paratus having the ability to finely process the 
medium surface for information storage. 

What might be considered the first arrival of a 
scanning probe microscope was the scanning tun- 
nel microscope (STM) developed in 1983. Since 
then, a succession of apparatuses were suggested. 
These apparatuses operate in such a manner that 
various types of solid probes are brought to the 
proximity of the sample surface on the order of nm, 
and the structure and the properties of the sample 
surface are observed or measured with a resolution 
on the atomic order by the use of various physical 
phenomena. Among them, U.S. Patent No. 
4,724,318 (JP-A-62-1 30302) discloses an atomic 
force microscope in which a very small force (re- 
pulsive and attractive forces) exerted between the 
sample and the stylus at the forward end of a 
cantilever is kept constant, that is, the deflection of 
the cantilever is measured and maintained at con- 
stant level by servo control, while the sample is 
scanned and the surface thereof observed. 

Further, an atomic force microscope compris- 
ing a mechanism for detecting by magnifying the 
deflection of a cantilever by the laser beam deflec- 
tion method is disclosed in the Journal of Vacuum 
Science & Technologies, A8, Jan/Feb (1990), 
pp.369 to 373. 

Also, Applied Physics Letters Vol.61, No.8 (Au- 
gust 24, 1992), pp.1003 to 1005 presents an ap- 
paratus having an information write function for 
forming pits representing information in the surface 
of a sample on the principle of the atomic force 
microscope and by heating the forward end of the 
probe by infrared laser beam, i.e., an information 
storage apparatus as an application of the principle 
of the atomic force microscope. 

SUMMARY OF THE INVENTION 

In a scanning probe microscope having a 
mechanism for detecting by magnifying the deflec- 
tion of a cantilever by the laser beam deflection 
method, or in a related apparatus using the same 
principle, the displacement of the forward end 
probe due to the deflection of the cantilever can be 
detected in an approximate magnification of x1000. 



On the other hand, the use of a very sensitive 
cantilever makes stable operation difficult in various 
points. The laser beam irradiated on the cantilever 
for detecting the deflection thereof has the heating 
5 effect, which may deflect the cantilever. This de- 
flection is called the deflection in free standing 
state. The amount of deflection varies from one 
cantilever to another, and is affected by the envi- 
ronmental changes of such factors as ambient tem- 
10 perature. Especially, in the scanning probe micro- 
scope constructed to observe the sample surface 
in vacuum, the degree of heat dissipation from the 
cantilever changes with the progress of evacuation, 
resulting in a great change in the deflection of the 
75 cantilever. The amount of deflection is also depen- 
dent on the aging. 

In the case where the scanning probe micro- 
scope is driven with the deflection changed in the 
free standing state of the cantilever, the servo 

20 control for controlling the force between the stylus 
and the sample develops an error. In an extreme 
case, the probe may scan without any force ap- 
plied to the stylus from the sample, or the sample 
or the probe may be damaged under an extrane- 

25 ous force which is exerted unexpectedly. 

Accordingly, it is an object of the present in- 
vention to provide a scanning probe microscope in 
which the force exerted between the stylus at the 
forward end of the probe and the sample can be 

30 controlled accurately and thus the result of ob- 
servation is obtained with a high reproducibility. 

Another object of the invention is to provide a 
scanning probe microscope by which the surface 
of a sample can be observed in vacuum. 

35 A further object of the invention is to provide a 

scanning probe microscope for facilitating prompt 
preparations for sample observation. 

According to one aspect of the invention, there 
is provided a scanning probe microscope compris- 

40 ing means for correcting the level of the output 
signal of a detector for detecting the deflection of 
the cantilever, so that the relative distance between 
the sample and the probe is subjected to servo 
control to secure coincidence between the cor- 

45 rected deflection detection signal and a predeter- 
mined reference level. More in particular, the scan- 
ning probe microscope according to the first aspect 
of the invention comprises means for storing the 
level of the output signal of the deflection detector 

so in the free standing state of the cantilever with the 
stylus and the sample surface separated sufficient- 
ly from each other, and means for shifting the level 
of the output signal of the deflection detector in 
accordance with the stored level. 

55 According to another aspect of the invention, 
there is provided a scanning probe microscope 
comprising means for fetching the level of the 
output signal of the deflection detector with the 
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cantilever in free standing state and calculating the 
reference level of servo control with the particular 
level as a new baseline level. 

The aforementioned correction means assures 
accurate and rapid correction of the error of the 
servo control which may be caused by the deflec- 
tion of the cantilever. 

According to still another aspect of the inven- 
tion, there is provided a scanning probe micro- 
scope comprising a mechanism for finely adjusting 
the mounting position of the cantilever and/or the 
mounting position of the deflection detector and 
thereby adjusting the level of the output signal of 
the deflection detector with the cantilever in free 
standing state toward a predetermined baseline 
level. In the case where a detector of laser beam 
deflection type is used as the deflection detector, 
the mounting position of a light position detector for 
detecting the position of the laser beam reflected 
from the cantilever is finely adjusted thereby to 
adjust the level of the output signal of the deflec- 
tion detector toward a predetermined reference lev- 
el. Fine adjustment of the mounting position of the 
cantilever is made possible by mounting the can- 
tilever on a base through a piezoelectric element 
and applying a voltage to the piezoelectric element. 
The mechanical correction of this mechanism is 
somewhat inferior in the accuracy and rapidity of 
correction to the electrical correction with the 
above-mentioned correction means. Nevertheless, 
the mechanical correction may become necessary 
if a large deflection is caused in the cantilever. In 
other words, the error contained in the output sig- 
nal of the deflection detector is first reduced within 
the correction range of the electrical correction 
means by mechanical correction, and then the 
electrical correction is applied as a final precise 
correction. Especially, in the case of the scanning 
probe microscope operated in vacuum, the elec- 
trical correction is conveniently effected after evac- 
uation following the mechanical correction before 
evacuation. 

The preparation for observation with a new 
sample set in the apparatus is made in accordance 
with the following procedure. First, the position 
setting means for setting the relative distance (feed 
distance) between the probe and the sample is 
activated to bring the stylus close to the sample 
surface. When the stylus senses the sample sur- 
face, the operation of the position setting means is 
reversed and the feed distance is reduced by a 
predetermined length, thereby setting the cantilever 
in free standing state. Under this condition, the 
output signal of the deflection detector is corrected 
by the correction means. After that, the stylus is 
brought again close to the sample surface, and the 
feed distance is increased continuously for a pre- 
determined length of time following the sensing of 



the sample surface by the stylus. The position 
setting means is secured to complete the prepara- 
tion for observation. This procedure removes the 
error of servo control due to the deformation of the 

s cantilever, and prepares for the control with con- 
stant force within the proper control range of the 
actuator under servo control. The result of observa- 
tion of a sample can thus be obtained with repro- 
ducibility. Alternatively, the preparation for observa- 

10 tion can be made automatically by a configuration 
with sequence control. 

The above and other objects, features and ad- 
vantages will be made apparent by the detailed 
description taken in conjunction with the accom- 

15 panying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig.1 is a block diagram showing an atomic 
20 force microscope according to an embodiment of 
the invention. 

Fig.2A is a model diagram showing the manner 
in which the cantilever is deflected at the time of 
evacuation according to the same embodiment. 
25 Fig.2B is a characteristic diagram showing the 

lapse of time during which the cantilever is de- 
flected. 

Fig.3 is a time chart for explaining the auto- 
matic correction operation according to the same 
30 embodiment. 

Fig.4 is a partial sectional view showing the 
essential parts of another embodiment with an 
atomic force microscope built in the sample stage 
of a scanning electron microscope. 
35 Fig.5 is a block diagram showing still another 

embodiment. 

Fig.6 is a block diagram showing a further 
embodiment. 

Fig.7 is a block diagram showing a still further 
40 embodiment. 

Fig. 8 is a diagram showing the control char- 
acteristic according to the embodiment of Fig.7. 

DESCRIPTION OF THE PREFERRED EMBODI- 
45 MENTS 

A configuration of the atomic force microscope 
according to an embodiment of the invention is 
shown in Fig.1. This apparatus is configured ba- 
se sically in such a manner as to enable the sample to 
be observed in vacuum. 

A cantilever 1 having a stylus 17 at the forward 
end thereof is mounted on a probe base 23 to form 
a probe. The probe base 23 has a laser beam 
55 deflection detector 30 mounted thereon. A sample 
2 providing an object of observation is placed on 
an XYZ scanner 14 and is arranged in such a 
position that the object surface of observation is 
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located close to the stylus 17. The probe base 23 
is supported on a table 29 through an inchworm 
mechanism 31 . As the Inchworm mechanism 31 is 
driven, the probe is set in position along Z axis. 
The Z axis is perpendicular to the surface of the 5 
object of observation. The XYZ scanner 14 is sup- 
ported on a table 29 through a rough positioning 
micrometer. The table 29 in turn is mounted on the 
apparatus base through a vibration dissipating 
mechanism. The apparatus base, the vibration dis- 10 
sipating mechanism and a rough positioning mi- 
crometer are not shown. These mechanisms are 
installed in a vacuum housing 24. Specifically, the 
sample 2 is mounted on the XYZ scanner 14, after 
which the evacuation system 27 is activated to 75 
observe the surface of the sample 2 in vacuum. A 
control unit 45 produces a control signal for con- 
trolling the various parts of the apparatus. 

The laser beam deflection detector 30 detects 
the deflection in enlarged form of the cantilever 20 
which is caused when a force is applied to the 
stylus 17 at the forward end of the cantilever 1. 
More specifically, the laser beam 18 emitted from a 
semiconductor device 3 and collimated at a focus- 
ing lens 20 irradiates the back side of the cantile- 25 
ver 1. The laser beam 19 reflected from the back 
side of the cantilever 1 is reflected on mirrors 21a, 
21b and enters the light position detector 4. The 
light position detector 4 has two current outputs, 
the ratio between which is dependent on the posi- 30 
tion of the light entering the light position detector 
4. A deflection detection circuit 5 receives the two 
current outputs and converts them into a deflection 
detection signal having a voltage proportional to the 
deflection of the reflected beam 19 from a refer- 35 
ence point. The magnification of the laser beam 
deflection optical system is approximately x1000, 
and the positional change of 1 A of the stylus 17 is 
represented by about 0.1 urn on the light-receiving 
surface 4 of the light position detector. A position 40 
change on the order of less than A can thus be 
detected. The light position detector 4 is mounted 
on the detector base 23 through a positioning mi- 
crometer 22, whereby the very position of the light 
position detector 4 can be adjusted. 45 

The XYZ scanner 14 is a tripod piezoelectric 
scanner, for example. The XYZ scanner 14 in- 
cludes an X-axis piezoelectric element and a Z-axis 
piezoelectric element. The sample 2 is mounted on 
the movable end driven by the piezoelectric ele- 50 
ments. The X piezoelectric element and the Y 
piezoelectric element are controlled by an XY 
scanning circuit 13, so that the position of the 
sample 2 is two-dimensionally scanned in such a 
manner as to allow the stylus 17 to scan the object 55 
region of observation of the sample. The X-axis 
piezoelectric element is used for servo control to 
keep constant the repulsive force generated be- 



tween the stylus 17 at the forward end of the 
cantilever 1 and the sample surface. More specifi- 
cally, the deflection detection signal produced at 
the deflection detection circuit 5 has the voltage 
thereof corrected at a signal compensation circuit 
25 and is introduced to the servo circuit 9. The 
servo circuit 9 generates a Z-axis control signal in 
such a manner that the corrected level of the 
deflection signal gives a set reference level, there- 
by driving the Z-axis piezoelectric element. As a 
result, the position along Z axis of the sample 2 is 
controlled finely to keep constant the amount of 
deflection of the reflected beam detected at the 
light position detector, and hence, the deflection of 
the cantilever 1. Soft contact drive is thus carried 
out for keeping constant the repulsive force gen- 
erated between the stylus 17 and the sample sur- 
face. If the soft contact drive is to be made possi- 
ble, two conditions are required to be met: One is 
that the deflection detection signal applied to the 
servo circuit 9 properly reflects the repulsive force 
generated between the stylus 17 and the sample 
surface, and the other is that the Z-axis piezoelec- 
tric element is driven within the limit of elongation 
control. In order to meet these two conditions, the 
signal compensation circuit 25 and the inchworm 
mechanism 31 are used. The functions of these 
components are described in detail below. 

The deflection in the free standing state of the 
cantilever 1 mounted on the laser beam deflection 
detector 30 is varied. The output voltage of the 
deflection detection circuit 5 with the cantilever 1 in 
free standing state also varies depending on the 
error in mounting the cantilever 1. Further, evacu- 
ation of the interior of the vacuum housing 24 
changes the deflection of the cantilever in free 
standing state, for example, in the manner as 
shown in Fig.2. In Fig.2A, the position of the can- 
tilever 1 in atmosphere is shown by solid line, and 
the deflection after evacuation by dashed line. This 
change is by reason of the fact that the heat 
dissipation of the cantilever 1 irradiated with the 
laser beam 18 greatly varies between atmosphere 
and vacuum, resulting in a corresponding tempera- 
ture change of the cantilever 1. As a result, the 
laser beam 19 reflected shifts from point P1 to P2. 
Fig.2B represents this change with time as an 
output voltage of the deflection detection circuit 5. 
In this way, the output voltage of the deflection 
detection circuit 5 undergoes a sharp change at the 
initiation of evacuation, and subsequently tends to 
restore the original value but converges to a level 
different from the value in atmosphere. This 
change is different for different types of cantilever 
1 . In any case, the output voltage of the deflection 
detection circuit 5 is required to be corrected in 
accordance with the level of the deflection detec- 
tion signal with the cantilever in free standing state. 



4 




7 EP 0 596 494 A2 8 



According to the embodiment under consideration, 
a signal compensation circuit 25 is used for elec- 
trical correction. 

The signal compensation circuit 25 includes a 
sample-and-hold circuit 51 supplied with the output 
voltage of the deflection detection circuit and a 
level shift circuit 52 for shifting the level of the 
output voltage of the deflection detection circuit 5 
by the output voltage of the sample-and-hold circuit 
51 and producing the resulting voltage. First, the 
inchworm mechanism 31 is operated in such a 
manner that the detector base 23 comes away 
from the sample 12 not to exert any repulsive force 
between the stylus 17 and the surface of the sam- 
ple. In other words, the cantilever 1 is set in free 
standing state. Under this condition, the sample- 
and-hold circuit of the signal compensation circuit 
25 is energized for sampling operation. As a con- 
sequence, the output of the signal compensation 
circuit 25 is shifted in level, and the input of the 
servo circuit 9 is corrected to assume a baseline 
level (zero volt according to the embodiment) when 
the repulsive force actually exerted on the stylus 
17 is zero. In this manner, correction (calibration) 
by the signal compensation circuit 25 is completed. 
As the next step, the detector base 23 is fed out in 
the forward direction by a predetermined length by 
the inchworm mechanism 31. The servo circuit 9 
produces a Z-axis control signal so that the level of 
the corrected deflection detection signal from the 
signal compensation circuit 25 assumes a set refer- 
ence level, and thus drives the Z-axis piezoelectric 
element of the XYZ scanner 14. The soft contact 
drive is thus carried out properly for maintaining a 
constant repulsive force between the stylus 17 and 
the surface of the sample. The XY scanning circuit 
13 is driven and the sample 2 is two-dimensionally 
scanned under this condition. The Z-axis piezo- 
electric element of the XYZ scanner 14 is con- 
trolled in such a way as to copy the surface con- 
tour of the sample 2, thus making it possible to 
obtain information along the height of the sample 2 
from the control voltage. Further, a three-dimen- 
sional image of the surface of the sample 2 is 
produced by application of the values of X, Y, Z to 
the computer system 12. 

The timing of correction will be explained. Ac- 
cording to the embodiment under consideration, 
above-mentioned correction is effected each time 
the sample is set and the vacuum housing is 
evacuated. Specific processes of operation for cor- 
rection will be described more in detail later. Gen- 
erally, after evacuation of the vacuum housing, on 
the other hand, the area of observation or the 
conditions including the settings of repulsive force 
between the stylus 17 and the sample surface are 
changed to repeat the observation a plurality of 
times. The environment of the cantilever 1 under- 



goes a sharp change upon evacuation of the vacu- 
um housing. Taking into consideration the time 
required for the deflection to converge in free 
standing state, therefore, it is desirable to execute 

5 observations a plurality of times upon evacuation of 
the vacuum housing and observe the sample be- 
tween corrections. After the lapse of a predeter- 
mined length of time following evacuation, subse- 
quent observations may be repeated without any 

10 corrective operation. 

The sample is sometimes observed without 
any evacuation. Also, a scanning probe microscope 
exists which lacks the evacuation system 27 and 
the vacuum housing 24 in the configuration of 

75 Fig.1. Even in such an apparatus, the deflection of 
the cantilever may change when the sample to be 
observed or the atmospheric temperature is 
changed. The above-mentioned correction should 
effectively be carried out each time a new sample 

20 is set before observation. 

In order to cope with secular variations of the 
component parts of the apparatus, a timer is pref- 
erably incorporated in the apparatus for accumulat- 
ing the operating time of the apparatus or the 

25 absolute time and to carry out the correction each 
time the time accumulation reaches a predeter- 
mined value. 

In addition to the electrical method of correct- 
ing the error of the deflection detection signal at- 

30 tributable to the cantilever deformation, a mechani- 
cal method is available. This is the method by 
which the position of the light position detector 4 is 
moved along Y direction by the positioning mi- 
crometer 22 in such a way that the output of the 

35 deflection detection circuit 5 assumes a baseline 
level. The advantage of the electrical correction 
using the signal compensation circuit 25 is that it is 
simpler than the mechanical correction and can be 
effected automatically. Since it is difficult to assure 

40 positional accuracy of less than 1 urn mechani- 
cally, the correction which may be effected by the 
positioning micrometer 22 often requires the elec- 
trical correction in addition. For using the position- 
ing micrometer 22 for correcting the input signal of 

45 the servo circuit for constant force to meet the 
environmental change of the cantilever due to 
evacuation, the positional micrometer 22 must be 
operable from outside of the vacuum housing 24. In 
the apparatus configuration including the signal 

so compensation circuit 25 as according to the em- 
bodiment described above, however, the position- 
ing micrometer 22 may be operable only after 
removing the vacuum housing 24. In this case, it is 
desirable to calibrate by operation of the position- 

55 ing micrometer before evacuation, and effect the 
electrical correction by the signal correction circuit 
25 after evacuation. In any apparatus configura- 
tions, it is more practical to carry out the correction 



5 




9 EP 0 596 494 A2 10 



solely by the deflection signal compensation circuit 
25 at short time intervals, and by the positioning 
micrometer 22 added at long time intervals. 

Now, a specific process for correcting the level 
of the deflection detection signal with the sample 2 5 
changed will be explained with reference to Fig.3. 
Fig.3A shows a chronological change of the elon- 
gation of the Z-axis piezoelectric element of the 
XYZ scanner, Fig.3B a chronological change of the 
feed distance of the detector base 23 by means of 10 
the inchworm mechanism 31, and Fig.3C a 
chronological change of the input signal to the 
servo circuit 9. The correcting operation, which is 
carried out according to the steps ® to ® , 
corresponds to the time divisions (J) to ® in Fig.3. 75 
® First, the probe base 23 is fed forward 
continuously by the inchworm mechanism 31. 
The detector base 23 is thus moved along Z 
direction. In initial conditions, the stylus 17 is 
located sufficiently away from the surface of the 20 
sample 2, and therefore the input signal to the 
servo circuit 9 should assume a baseline level 
(zero volt in the case of Fig.3) indicating that the 
force applied between the stylus 17 and the 
sample surface is zero. Due to the deformation 25 
of the cantilever 1 ( however, the force assumes 
the value of Voff. When the stylus 17 reaches 
the surface of the sample 2, the input signal to 
the servo circuit 9 becomes substantially equal 
to the reference level Vf as shown due to the 30 
servo control for constant force. 
© The inchworm mechanism 31 is operated 
further for a predetermined length of time there- 
by to feed the probe base 23 in forward direc- 
tion even more. With the forward movement of 35 
the detector base 23, the elongation of the Z- 
axis piezoelectric element of the XYZ scanner is 
progressively reduced from maximum elonga- 
tion by the constant-force servo control. 
© As the next step, the direction in which the 40 
inchworm mechanism 31 is driven is reversed to 
withdraw the detector base 23. The amount of 
elongation of the Z-axis piezoelectric element of 
the XYZ scanner 14 is increased to maximum. 
The reversal of the driving direction of the inch- 45 
worm mechanism 31 can be automatically effec- 
ted by a monitor of the input signal level of the 
servo circuit 9, for example. Specifically, a timer 
is included the control unit 45 for monitoring the 
time lapse from the point when the input signal so 
of the servo circuit 9 has reached the vicinity of 
Vf, so that the direction of driving the inchworm 
mechanism 31 is automatically reversed when 
the time lapse reaches a predetermined value. 
During the period when the constant-force servo 55 
control effectively functions with the stylus 17 
pressed against the surface of the sample 2 ( @ 
and © in Figs.3A to 3C), the force actually 



exerted on the stylus 17 corresponds to the 
level difference Vf between Voff and Vf al- 
though feedback control is effected with the 
voltage Vt as a reference level. 
@ Even after the Z-axis piezoelectric element is 
elongated to maximum, the withdrawal by the 
inchworm mechanism 31 is continued and the 
stylus 17 is moved further away from the point d 
by which it is distant from the sample 2. The 
distance d is such that the effect of the force 
from the surface is negligible and is specifically 
at least 2 urn. This withdrawal operation can be 
stopped automatically by the timer described 
above. 

© The stylus 17 is fixed at this position and the 
input signal to the constant-force servo circuit 9 
is corrected. Specifically, the input signal is 
shifted in level by Voff and is corrected to a 
baseline level (zero volt in Fig.3). As explained 
above, the correction is made automatically and 
quickly by performing the sampling operation of 
the sample-and-hold circuit 51 of the signal 
compensation circuit 25. Alternatively, the cor- 
rection may be made by manual operation of 
the positioning mechanism 22, if so operable. 
© After complete correction, the feeding opera- 
tion of the inchworm mechanism 31 is resumed. 
When the stylus 17 reaches the surface of the 
sample 2 again, the servo 9 begins to function 
effectively, and the input signal to the servo 
circuit 9 reaches the reference level Vf again. 
The force exerted on the stylus 17 is equivalent 
to the reference level Vf set appropriately. 
© Even after the stylus 17 has reached the 
surface of the sample 2, the feeding operation is 
continued by the inchworm mechanism 31 to 
reduce the amount of elongation of the Z-axis 
piezoelectric element of the XYZ scanner 14. 
© When the Z-axis piezoelectric element is 
elongated by a proper amount, the feeding op- 
eration of the inchworm mechanism 31 is stop- 
ped to fix the position of the probe base 23. As 
a result, the preparatory process is completed 
for observing the sample surface by two-dimen- 
sional scanning of the sample 2 within the XY 
plane. Normally, the feeding operation is most 
preferably stopped when the amount of elonga- 
tion of the Z-axis piezoelectric element reaches 
about the central value of the elongation control 
range. The operation for fixing the probe base 
23 at the proper position can also be performed 
automatically by a timer installed on the control 
unit 45. Specifically, the timer is energized as 
the input signal level of the servo circuit 9 
reaches the proximity of Vf again, and upon the 
lapse of a predetermined length of time there- 
after, the feeding operation of the inchworm 
mechanism 31 is stopped. 
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The aforementioned process of operation 
makes possible the preparatory operation for sam- 
ple observation including the error correction of the 
constant-force control caused by the deflection of 
the cantilever on the one hand and feeding of the 
probe base to proper position on the other hand. 
Especially, the execution of the preparatory oper- 
ations shown in Figs.3A to 3C by automatic se- 
quence control on the control unit 45 considerably 
shortens the time from correction of the input sig- 
nal of the servo circuit 9 to the start of sample 
observation. Consequently, a reliable three-dimen- 
sional data on the sample can be obtained even in 
a harsh environment accompanied by sharp 
changes such as at the time of evacuation. 

Fig.4 shows the essential parts of another em- 
bodiment in which an atomic force microscope 
(AFM) unit is built in the sample stage of the 
scanning electron microscope (SEM). The SEM 
base 37 has sequentially laid thereon an SEM XY 
positioning micrometer 32, a vibration dissipating 
mechanism 33 with a metal plate 34 and a rubber- 
like soft damper 35 laid thereon, and an AFM base 
42 fixed with an AFM unit. This assembly is moun- 
ted on a vacuum flange 39. The AFM unit includes 
a laser beam deflection detector 30 having a sty- 
lus, an inchworm mechanism 31 for feeding the 
detector 30 toward or withdrawing from the sample 
2, an XYZ scanner 14 for supporting and scanning 
the sample 2, and an XY positioning micrometer 38 
for selecting the field of view in the AFM by mov- 
ing the scanner 14 in XY directions. The bottom of 
the AFM base 42 is parallel to the SEM base 37 
and is perpendicular to the axis of the electron 
beam 41 emitted from the object lens 40. The 
stylus 17 and the sample 2 can be observed under 
the SEM at the same time. 

According to the embodiment under consider- 
ation, the configuration for processing data in the 
electronic circuits to drive the atomic force micro- 
scope (AFM) is exactly coincident with that of the 
embodiment shown in Fig.1. Also, the operation for 
calibrating the error due to the cantilever deflection 
at the time of evacuation is the same for the two 
embodiments. The use of this SEM-AFM coupled 
system improves the selection accuracy of the area 
for AFM observation with a stylus remarkably as 
compared with the optical microscope, and makes 
possible the selection of the field of view on the 
order of submicrons. The evaluation of the forward 
end of the stylus 17 by SEM can also be made. 
Further, this system realizes simultaneous observa- 
tion of an SEM image and an AFM image. 

The embodiment represents a combination of 
an atomic force microscope and a scanning elec- 
tron microscope. In addition, a similar combination 
is possible with a physical or chemical device 
utilizing vacuum such as a transmission electron 



microscope, a secondary ion mass spectrometer, 
an Auger electron spectrometer or an electron 
beam probe microanalyzer, or a semiconductor 
processing device such as a molecular beam epi- 
5 taxy system, an electron beam lithography system, 
an ion implanting system or an electron beam 
metrology system. 

Still another embodiment is shown in Fig. 5. 
The difference of the atomic force microscope ac- 
10 cording to this embodiment from the embodiment 
of Fig.1 is that in the embodiment under consider- 
ation, the deflection signal compensation circuit 25 
is omitted and the detection signal from the deflec- 
tion detection circuit 5 is applied directly to a servo 
rs circuit 9. Also, in order to obviate the error of the 
constant-force servo control due to the deformation 
of the cantilever 1, the cantilever 1 is mounted on a 
probe base 23 through a piezoelectric device 47. 
Further, the present embodiment includes a drive 
20 circuit 48 for energizing the piezoelectric device 47 
and a display unit 49 for indicating the output 
signal level of the deflection detection circuit 5. The 
remaining parts of the configuration are similar to 
those of the embodiment shown in Fig.1, and those 
25 components parts shared with the embodiment of 
Fig.1 are denoted by the same reference numerals 
as those in Fig.1 respectively. 

The deflection detection signal is calibrated in 
the embodiment of Fig.5 in the following manner. 
30 As in the embodiment described above, first, the 
feed distance of the inchworm mechanism 31 is 
reduced to set the cantilever 1 in free standing 
state. Then, the output voltage of the drive circuit 
48 is regulated to finely adjust the position of the 
35 cantilever 1. In the adjustment process, the output 
signal level of the deflection detection circuit 5 
indicated on the display unit 49 is referenced to, 
and when the output signal level reaches a 
baseline, the output voltage of the drive circuit 48 
40 is locked to complete the correction. In the case 
where the correction after evacuation is carried out 
by this method, the correction with the positioning 
micrometer 22 is recommended prior to evacuation 
as in the aforementioned embodiment. 
45 A further embodiment of the invention is shown 

in Fig.6. In the foregoing various embodiments, the 
level of the deflection detection signal is corrected 
in order to eliminate the error of the constant-force 
servo control attributable to the deformation of the 
so cantilever 1. According to the embodiment shown 
in Fig.6, however, the reference level Vf of the 
constant-force servo control is corrected. For this 
purpose, the reference level Vf of the constant- 
force servo control by the servo circuit 9 is cal- 
55 culated by a computer system 12 and is applied to 
the servo circuit 9. Also, the embodiment under 
consideration includes an input unit 50 for introduc- 
ing the deflection detection signal produced from 
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the deflection detection circuit 5 into the computer 
system 12. The remaining component parts are 
similar to those of the embodiment shown in Fig.5, 
and alt the component elements shared with the 
configuration of Fig.5 are denoted by the same 5 
reference numerals as the corresponding parts in 
Fig.5 respectively. 

As in the preceding embodiments, first, the 
feed distance of the inchworm mechanism 31 is 
decreased to set the cantilever 1 in free standing w 
state. Under this condition, the input unit 50 is 
activated, so that the deflection detection signal 
produced from the deflection detection circuit 5 is 
introduced into the computer system 12. Since the 
cantilever 1 is in free standing state, the level of 15 
the deflection detection signal should be at a 
baseline level (say, zero volt). If the cantilever 1 is 
deformed, however, the deflection detection signal 
thus introduced assumes a level Voff. The com- 
puter system 12 includes a register for storing the 20 
baseline level for the constant-force servo control, 
by which the contents of the register are rewritten 
into the value Voff. A new baseline level is thus set. 
The computer system 12 includes another register 
for storing the reference level Vft for the constant- 25 
force servo control in the absence of an error of the 
deflection detection signal. After rewriting a new 
baseline level, the computer system 12 calculates 
the sum of Vft and Voff, and applies the sum to the 
servo circuit as a new reference level Vf. 30 

The foregoing operation effects correction 
equivalent to the level correction of the deflection 
detection signal. When the deflection detector 30 is 
fed forward by the inchworm mechanism 31 after 
the correction operation, the constant-force servo 35 
control by the servo control 9 accurately functions, 
so that the force exerted on the stylus 17 assumes 
a value accurately corresponding to Vft. Although 
the reference value for the servo circuit is cor- 
rected by the computer system according to the 40 
embodiment under consideration, an analog circuit 
may be used to realize an equivalent correction. In 
other words, the reference level can be corrected 
by a sample-and-hold circuit and a level shift cir- 
cuit similar to the signal compensation circuit 25 45 
shown in Fig.1 . 

In order for the output signal level of the de- 
flection detection circuit 5 to coincide exactly with 
a baseline level by the adjustment using the piezo- 
electric device 47 explained with reference to the 50 
embodiment of Fig.5, a very fine adjustment is 
required. In contrast, the correction described with 
reference to the embodiment shown in Fig.6 is 
effected automatically with accuracy. In the event 
that the value Voff is greatly displaced from the 55 
baseline level (zero volt), however, it is necessary 
to make the adjustment with the piezoelectric de- 
vice 47 in advance as explained with reference to 



the embodiment of Fig.5 and, after setting Voff 
within a tolerable range, to start the fetching of Voff 
into the computer system 12. 

A still further embodiment is shown in Fig.7. 
This embodiment provides an atomic force micro- 
scope using a deflection detector 103 of optical 
interference type for controlling the force exerted 
on the cantilever to a predetermined value. A probe 
base 102 for connecting the cantilever 104 having 
a stylus 109 to an XYZ scanner 100 has built 
therein a laser projector 105, a half mirror 112, a 
reflection mirror 111 and a photo-diode 106. Part of 
the laser beam produced from the laser projector 

105 is introduced to the photo-diode 106 by the 
half mirror 112. The laser beam that has passed 
through the half mirror 112 is reflected on the 
reflection mirror 111, reaches the half mirror 112 
again, and is led to the cantilever 104. The laser 
beam, after being reflected on the cantilever 104, 
passes through the half mirror 112 and reaches the 
photo-diode 106. In the process, the laser beam 
(reference beam) initially led to the photo-diode 

106 by the half mirror 112 and the laser beam 
reflected on the cantilever 104 interfere with each 
other. The photo-diode 106 is driven by the deflec- 
tion detection circuit 55, the output signal of which 
represents the intensity of the light received by the 
photo diode 106. This output signal is applied to 
the servo circuit 9 as a deflection detection signal. 
The servo circuit 9 subjects to servo control the 
position of the probe base 102 in such a manner as 
to secure a constant deflection of the cantilever 
104 by driving the Z-axis piezoelectric element of 
the XYZ scanner 100. Although not shown in Fig.7, 
a positioner is used to finely adjust the relative 
distance between the sample and the probe. Ac- 
cording to the embodiment under consideration, 
the force exerted on the stylus 109 is kept con- 
stant, the XYZ scanner 100 for two-dimensional ly 
scanning the relative position of the stylus and the 
sample within the XY plane is arranged on the 
probe side, and the positioner for adjusting the 
distance in Z direction (feed distance) is located on 
the sample side. Nevertheless, the XYX scanner 
100 and the positioner may alternatively be ar- 
ranged either on the probe or sample side as 
desired. 

Explanation will be made about the change in 
intensity of the light received by the photo-diode 
106 with the operation of the servo circuit 9 stop- 
ped and the sample 2 fed gradually toward the 
stylus 109. As far as the sample 2 and the stylus 
109 are located distant from each other and the 
cantilever 104 is in free standing state, the intensity 
of the received light is constant. With the increase 
in feed distance and the deflection of the cantilever 
104 due to the repulsive force applied to the stylus 
109, however, the phase difference between the 
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laser beam reflected on the cantilever 104 and the 
reference beam undergoes a change thereby to 
change the intensity of the received light. This 
change in light intensity is along a sine wave 
plotted against the increase in the feed distance, or 5 
more accurately, the deflection of the cantilever 
surface irradiated with the laser beam. The period 
of this sine wave is equal to the wavelength of the 
laser beam. As shown by solid line in Fig.8, the 
intensity of the received light is adjusted at a value 10 
intermediate the maximum and minimum intensities 
with the cantilever 104 in free standing state. When 
the light intensity approaches the intermediate val- 
ue again after a light intensity change by feeding 
the sample, the sample is fixed and servo control 75 
effected by the servo circuit 9 and the Z-axis 
piezoelectric device with the intermediate value as 
a reference level. In this way, the deflection of the 
cantilever 104 can be controlled to Db which is one 
half the wavelength of the laser beam. Although the 20 
repulsive force exerted on the stylus 109 can be 
controlled to constant level, if the cantilever is 
deformed under a temperature change or the like 
cause and the intensity of light received by the 
photo-diode undergoes a change as shown by 25 
dashed line in Rg.8 with the cantilever in free 
standing state, however, the servo control with the 
intermediate value as a reference level results in 
the repulsive force exerted on the stylus 109 as- 
suming a value corresponding to the deflection 30 
shown by Da in Fig.8. 

According to the embodiment shown in Fig.7, 
the cantilever 104 is mounted on the probe 102 
through the piezoelectric device 113. The position 
of the cantilever 1 can be adjusted by controlling 35 
the piezoelectric device 113 using the output of the 
drive circuit 48. Also, the apparatus according to 
the embodiment comprises a display unit 49 for 
indicating the level of the deflection detection sig- 
nal produced from the deflection detection circuit 40 
55. Prior to observation of the sample 2, the sam- 
ple 2 is withdrawn to set the cantilever 104 in free 
standing state. As the next step, the output voltage 
of the drive circuit 48 is adjusted for fine adjust- 
ment of the position of the cantilever 104. This 45 
adjustment is conducted while referring to the out- 
put signal level of the deflection detection circuit 55 
indicated on the display unit 49. When the output 
signal level reaches a predetermined value (an 
intermediate value between maximum and mini- so 
mum values equal to the baseline level set in the 
servo control 9 according to the embodiment under 
consideration), the output voltage of the drive cir- 
cuit 48 is fixed. After this correction, the sample is 
fed out by a predetermined distance by the posi- 55 
tioner and the servo control is started by the servo 
circuit 9. The repulsive force exerted on the stylus 
109 can thus be controlled appropriately. 



Various embodiments in which the present in- 
vention is applied to the surface microscope, or 
especially, to the atomic force microscope were 
described above. It will be obvious to those skilled 
in the art that the technique according to the inven- 
tion is applicable to a wide variety of scanning 
probe microscopes in which the minor force gen- 
erated between the stylus and the sample is con- 
trolled by utilizing the deflection of the cantilever. 
The operation for reading information is exactly the 
same as that of the scanning probe microscope. 
Further, the technique according to the invention 
can be applied to an apparatus comprising means 
for writing information in the surface of a medium. 
In this case, information can be written by the use 
of electric field evaporation, thermochemical opera- 
tion, phase change by heat, thermomechanical op- 
eration, machining, injection of charges, inversion 
of vertical magnetism, etc. As a result, a file sys- 
tem of very high density is realized, and a highly 
accurate information processing operation can be 
performed by applying the invention to these sys- 
tems. 

It will thus be apparatus from the foregoing 
description that according to the invention, there is 
provided a scanning probe microscope in which 
variations of deflection of the cantilever with a 
stylus at the forward end thereof can be corrected, 
thereby realizing a very accurate constant servo 
control between the stylus and the sample surface. 
Consequently, observation and information pro- 
cessing are made possible with very high accu- 
racy. Further, the change in deflection of the can- 
tilever which may be caused at the time of evacu- 
ation can be corrected. Various ultrahigh 
vacuumerization systems and the scanning probe 
microscopes including the electron microscope can 
thus be combined effectively. 

Claims 

1. A scanning probe microscope comprising: 

a probe including a cantilever (1, 104) with 
a stylus (17, 109) at an end thereof and a 
probe base (23, 102) for holding said cantile- 
ver; 

scanning means (14, 100) for driving the 
probe base and/or a sample (2) arranged in 
proximity to said stylus to move the relative 
positions of said probe and the sample; 

means (30, 103) for detecting the deflec- 
tion of said cantilever; 

means (25, 22, 48) for correcting the de- 
tection output of said deflection detection 
means in accordance with the deflection detec- 
tion value of the cantilever in free standing 
state; and 

servo control means (9) supplied with the 
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manner that the detection output level coin- 
cides with a reference level set in advance 
thereby to control the force exerted between 
the sample and the stylus; and 
s means for correcting the reference level of 

the servo control means in accordance with the 
detection output level of said deflection detec- 
tion means when the cantilever is in free 
standing state. 

10 

7. A scanning probe microscope according to 
Claim 6, wherein said correction means in- 
cludes a computer system (50 and 12) for 
introducing the detection output of said deflec- 
ts tion detection means when the cantilever is in 
free standing state and calculating the refer- 
ence level with the introduced detection output 
as a baseline level. 

20 8. A scanning probe microscope comprising: 

a probe including a cantilever with a stylus 
at an end thereof and a probe base for holding 
the cantilever; 

scanning means for moving the probe base 
25 and/or the sample arranged in proximity to the 

stylus and thereby changing relative positions 
of said probe and said sample within the plane 
containing the surface of said sample to be 
observed; 

30 positioning means for adjusting the relative 

distance between said probe base and said 
sample in the direction perpendicular to the 
plane containing the surface of said sample to 
be observed; 

35 means for detecting the deflection of said 

cantilever; 

means for correcting the detection output 
of said deflection detection means; 

servo control means supplied with the cor- 
40 rected detection output of said deflection de- 
tection means for controlling the relative dis- 
tance between said probe and said sample 
and thereby controlling the force exerted be- 
tween said sample and said stylus; and 
45 correction sequence control means (45) for 

setting the cantilever in free standing state by 
driving said positioning means and activating 
said correction means. 



corrected detection output of said deflection 
detection means for controlling the relative dis- 
tances of the probe and the sample thereby to 
control the force exerted between the sample 
and the stylus. 

2. A scanning probe microscope according to 
Claim 1, wherein said correction means in- 
cludes sample-and-hold means (51) for sam- 
pling and holding the detection output of the 
deflection detection means when the cantilever 
is in free standing state, and a level shift circuit 
(52) for shifting the detection output level of 
the deflection detection means in accordance 
with the hold output of said sample-and-hold 
means. 

3. A scanning probe microscope according to 
Claim 1 , wherein said cantilever is held on the 
probe base through a piezoelectric element 
(47, 113), and said correction means includes 
means (48) for adjusting selected one of the 
position and style of the cantilever against the 
probe by the use of said piezoelectric element. 

4. A scanning probe microscope according to 
Claim 1, wherein said deflection detection 
means includes a laser projector (3) for irra- 
diating a laser beam on said cantilever and a 
light position detector (4) for detecting the de- 
flection of the laser beam reflected from said 
cantilever, and said correction means includes 
positioning means (22) for adjusting the posi- 
tion of the light position detector. 

5. A scanning probe microscope according to 
Claim 1, wherein said deflection detection 
means includes a laser beam projector (105) 
for irradiating the laser beam on said cantilever 
and a light detector (106) for detecting the 
interference light between the laser beam re- 
flected from said cantilever and a predeter- 
mined reference laser beam. 

6. A scanning probe microscope comprising: 

a probe including a cantilever with a stylus 
at an end thereof and a probe base for holding 
said cantilever; 

scanning means for driving the probe base 
and/or a sample arranged in proximity to the so 
stylus and thereby moving the relative posi- 
tions of said probe and said sample; 

means for detecting the deflection of said 
cantilever; 

servo control means supplied with the de- 55 
tection output of said deflection detection 
means for controlling the relative distance be- 
tween said probe and said sample in such a 



9. A scanning probe microscope according to 
Claim 7, wherein said correction sequence 
control means includes means for increasing 
the feed distance of said stylus set by said 
setting means until the stylus comes into con- 
tact with said sample and then reducing the 
feed distance by a predetermined amount 
thereby to set said cantilever in free standing 
state, followed by activating said correction 
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means and increasing the feed distance again. 



baseline level. 



10. A scanning probe microscope according to 
Claim 8, wherein said correction sequence 
control means includes means for activating 5 
the correction means each time the sample is 
changed. 

11. A scanning probe microscope according to 
Claim 8, wherein said correction sequence 10 
control means includes means for activating 

said correction means at regular intervals of 
time. 

12. A scanning probe microscope according to 75 
Claim 8, wherein said correction sequence 
control means includes means for activating 

said correction means after evacuating the en- 
vironment of said cantilever. 



13. A scanning probe microscope according to 
Claim 8, wherein said correction sequence 
control means includes means for activating 
said correction means a plurality of times after 
evacuating the environment of said cantilever. 25 

14. A method for correcting the operation of a 
scanning probe microscope comprising a 
probe including a cantilever (1, 104) with a 
stylus (17, 109) at an end thereof, scanning 30 
means (14, 100) for driving the probe and/or a 
sample (2) arranged in proximity to said stylus 

and thereby moving the relative positions of 
said probe and said sample, means (30, 103) 
for detecting the deflection of said cantilever, 35 
servo control means (9) supplied with the de- 
tection output of said deflection detection 
means for controlling the relative distance be- 
tween the probe and the sample and thereby 
controlling the force exerted between the sam- 40 
pie and the stylus, and means (27) for evacuat- 
ing the environment containing said cantilever 
and said sample; 

said method comprising the steps of: 
setting the cantilever in free standing state 45 
before evacuation by said evacuation means 
and thereby correcting the mounting position 
of said deflection detection means and/or the 
mounting position of said cantilever in such a 
manner that the detection output of said de- 50 
flection detection means coincides with a 
baseline level; and 

setting the cantilever in free standing posi- 
tron after evacuation by said evacuation means 
and thereby shifting the level of the detection 55 
output of said deflection detection means in 
such a manner that the detection output of said 
deflection detection means assumes the 
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